Abstract-In this study, we concentrated on the longitudinal magnetic field effect in critical current densities and investigated the enhancement of the electrical conduction properties in a commercial Bi-2223 superconducting tape. Since the samples used in this study were polycrystalline and tape-shaped, the variation of the critical current density caused by the longitudinal magnetic field effect and anisotropy of the upper critical magnetic field was expected to be clarified. Therefore, the critical current characteristics at a magnetic field of up to 5 T as well as at various angles between the magnetic field and current were measured in detail. Through investigation, more detailed electrical characteristics of Bi-2223 were clarified which can provide superconducting cable developer with more useful information. The results demonstrate the longitudinal magnetic field effect is obvious at the high magnetic field rather than that at the low magnetic field and the upper critical magnetic field is decreasing gradually with the increase of the temperature. It also can be known that the difference between the value of upper critical magnetic field and that of applied magnetic field will exert an influence on the critical current density of Bi-2223 superconducting tape.
I. INTRODUCTION Superconducting transmission line, which made of superconducting materials, can deliver electric power to users without loss. According to statistics, with copper or aluminum wire transmission, about 15% of the power is lost in the transmission lines. Just in China, the annual power loss is more than 1000 billion kWh. It is well known that it is necessary to reduce the temperature to a very low level to enter the superconducting state (e.g., -269 K for mercury). However, in practice, it is difficult to keep the working environment of the superconducting transmission line at a very low temperature both technically and monetarily.
As one of the important high-Tc superconductors, Bi-2223 has a large potentiality of applications in electric power field. However, at the present stage, the value of critical current density (Jc) cannot meet the actual needs in the practical applications. In order to enhance Jc properties, many researchers have done a lot of studies on improving Jc through enforcing and optimizing the flux pinning characteristic in superconductors [1] , developing the new and high-quality coated conductors [2] , etc.
On the other hand, it is well known that the value of Jc in the longitudinal magnetic field is much larger than that in a transverse magnetic field (longitudinal magnetic field effect). For example, the difference of these two values could be over 100 times in a Ti-Nb alloy [3] . Recently, we focused on utilizing the longitudinal magnetic field effect to improve the critical current density in Bi-2223, and obtained some preliminary results insisting the validity of the effect. At the same time, some other researchers pay their attentions to the effect in YBCO coated conductors [4, 5] , and obtained qualitatively similar results. In our previous study, unlike the results in conventional metallic superconductors, the value of Jc in the longitudinal magnetic field only increased by 30% compared with that in the transverse magnetic field. This is ascribed to the polycrystalline property in Bi-2223. In this study, more systematic investigation was carried out.
II. EXPERIMENTAL

A. Samples
Bi-2223 tape, which produced by SIMIMITO company, was used in this experiment. Because of the limitation on the value of the transport current of Bi-2223 tape in our measurement, the cross-section of the tape was reduced to about 0.21 mm 2 (i.e., 1.4 mm in width and 0.15 mm in thickness). We used it as the sample in our study, as shown in Figure 1 .
B. Measurement
978-1-5386-4956-5/18/$31.00 ©2018 IEEE The cryogenic cooler was utilized in this study to control the temperature (T) in the range from 50 K to 77 K with a precision on the order of 1 K. The resistive method (four-probe method) was adopted to measure the critical current (Ic) of the sample. Electric field criterion of 1 V/cm was employed for the determination of Ic. The magnetic field (B) was applied up to 5 T.
C. Variation in the direction of B
In this experiment, the magnetic field was applied in various directions to the current. The angle between the direction of the current and that of the applied magnetic field was defined as (i.e., = 0° denotes the case of the longitudinal magnetic field, and = 90° denotes the case of the transverse magnetic field). Two kinds of variations of existed to clarify the influence of Jc caused by the longitudinal magnetic effect and the anisotropy of the upper critical magnetic field in our study. One was the case that the direction of B was always parallel to the ab plane while we changed angle (Mode A) as shown in Figure 2 A/m 2 in the longitudinal magnetic field), while the ratio of enhancement can reach to 1.84 times at 1 T and the largest ratio is 2.7 times at 5 T. What's more, it also can be noted that the value of Bc2 is about 5 T in the transverse magnetic field in Mode B.
The result insisted that the enhancement ratio of Jc increased monotonously with the increase of B. The enhancement ratio of Jc in Mode B was larger than that in Mode A in the same conditions. It is considered that, in Mode A, the variation of Jc was only affect by the longitudinal magnetic field effect. However, in Mode B, Jc was not only influenced by the longitudinal magnetic field effect, but also impaired by the reduction of the upper critical magnetic field while varies from 0 o to 90 o . It is well known that a significant anisotropy of Bc2 exists in Bi-2223. For some temperatures and magnetic fields, the anisotropy could reach up to nearly a decade [6] . The numerical difference between B and Bc2 was tremendous when B was closed to zero and thus, the reason why the enhancement ratio of Jc kept small was that Bc2 did not have a huge impact on the critical current density. By contrast, when the value of B became larger, the difference will become smaller so that Jc was more significantly dominated by Bc2. Figure 4 demonstrates the relationship between Jc and B (Mode B) at 60 K. It can be explored that the value of Bc2 decreases gradually with the increase of (i.e., about 5 T when is 0 o , about 2 T when is 60 o ), while Bc2 reaches the minimum value (1.5 T) in the transverse magnetic field. Moreover, at 0.1 T, the value of Jc in the longitudinal magnetic field is 1.51 times compared with that in the transverse magnetic field, while the ratio is 2.8 times at 1 T.
It turned out to be the case that the enhancement ratio of Jc at 40 K was similar to that at 60 K at 0.1 T, while the enhancement ratio is quite different at 1 T. This could be explained by the difference of Bc2, i.e., there existed a huge gap between B and Bc2 at 0.1 T both at 40 K and at 60 K, therefore, Bc2 played a subordinate role in the enhancement of Jc. However, the situation was quite different at 1 T, the difference between B and Bc2 was very small at 60 K, while it still kept a huge value at 40 K. Thus, Bc2 will exert more significant impact at 60 K compared to that at 40 K, so the phenomenon mentioned above was appeared. is very closed to Bc2. Therefore, Bc2 plays a primary role in the enhancement of Jc.
IV. CONCLUSIONS
The critical current characteristics of Bi-2223 superconducting tape at various temperatures and magnetic fields were measured. The angle between the transport current and applied magnetic field was varied from 0 o to 90 o . The results indicate that, at 40 K, the enhancement ratio of Jc due to the longitudinal magnetic effect is about 1.25 times at 0.1 T, while the ratio can run up to 1.71 times at 1 T and increases to 2.21 times at 5 T. What's more, the enhancement of Jc caused by the longitudinal magnetic field effect and anisotropy of the upper critical magnetic field can be estimated as about 1.5 times at 0.1 T when the temperature is 40 K, and the value almost keeps unchanged at 60 K (1.51 times), while it increases to about 2.5 times at 77 K. In addition, in the transverse magnetic field, the value of Bc2 can reach to 5 T at 40 K, while the value of Bc2 decreases monotonously with the increase of temperature, i.e., about 1.5 T at 60 K and 0.2 T at 77 K. Therefore, the difference between the B and Bc2 will determine which is the primary influence factor to the enhancement of Jc, i.e., if the difference is huge, longitudinal magnetic field effect will become the primary influence factor. Conversely, Bc2 will exert a tremendous impact on the enhancement of Jc when the difference is small.
